Mammalian cells have evolved to utilize molecular oxygen for energy production. Cells can respond differently to wide ranges of oxygen through alterations in both their metabolic states and growth rates. In recent years, several lines of evidence have indicated that hypoxia can alter cell proliferation in two distinct ways: via programmed cell death and through growth arrest. In transformed cells, hypoxia can provoke apoptosis via the p53 pathway; ultimately, this can represent a potent mechanism for the selection of p53 mutants in tumor cell populations (30, 34) . Nontransformed hypoxic cells, on the other hand, can undergo cell cycle arrest at the G 1 /S interface without any alteration in their long-term viability (10) .
It has been proposed that hypoxically induced cell cycle arrest is caused by inactivation of enzymes responsible for nucleotide synthesis, ultimately inhibiting DNA replication (19, 39) . However, inhibition of nucleotide synthesis occurs only under severe hypoxia (0.01% oxygen) or anoxia, but not under moderate hypoxia (0.1 to ϳ1% oxygen) (10) .
In the moderately hypoxic microenvironment, various biological reactions show significant changes relative to normoxia. Numerous studies on moderate hypoxia have indicated that hypoxia-induced G 1 arrest is associated with a decreased activity of certain cyclin-CDK complexes, leading to hypophosphorylation of retinoblastoma protein (Rb) and inhibition of cell cycle progression (10, 16) . Although these studies have demonstrated an increase in cyclin-dependent kinase inhibitors, such as p27, and a decrease in cyclin-CDK components, such as cyclin D, cyclin E, and CDK4, most of this data has come from experiments using transformed and/or immortalized cells in which the cell cycle machinery has already been modified (12, 17) .
The hypoxia-inducible factor 1 (HIF-1) transcription factor is a major regulator of the hypoxic response. It consists of two distinct basic-helix-loop-helix-PAS transcription factors, HIF-1␣ and HIF-1␤ (40) (41) (42) . HIF-1␣ is sensitive to decreased oxygen levels and is degraded rapidly by the ubiquitin proteasomal pathway under normoxic conditions. Hypoxia results in an altered availability of HIF-1␣ to the von Hippel-Lindau protein and ubiquitination, ultimately blocking its degradation (7, 23, 38) . This in turn results in nuclear accumulation of the protein and enhancement of its transcriptional activity through binding to enhancer elements in target genes that include vascular endothelial growth factor (9, 35) , erythropoietin (15, 41) , and phosphoglycerate kinase (PGK) (14, 32) .
In an attempt to elucidate the role of HIF-1␣ in hypoxiainduced cell cycle arrest in primary differentiated cells, we have conditionally targeted HIF-1␣ in a Cre-loxp-based system (27) . Because of the high rate of spontaneous growth arrest in embryonic fibroblasts, in this study, we have focused on both embryonic fibroblasts and another easily accessible primary cell type which is much less susceptible to growth arrest in culture, splenic B cells. To determine how this factor interacts with the tumor suppressor gene p53, we have also added this conditionally targeted allele of HIF-1␣ into a p53 null background by crosses. Our findings indicate that deletion of HIF-1␣ results in ablation of hypoxia-induced G 1 arrest, demonstrating that hypoxia-induced growth arrest is solely dependent on the action of this transcription factor. Further, we show that this is correlated with a HIF-1␣-dependent increase in p27 expression which accompanies hypophosphorylation of Rb. Thus, the HIF-1 transcription factor is necessary for control of the cell cycle during hypoxia via its control of cyclin kinase inhibitor (CKI) function and acts independently of p53.
MATERIALS AND METHODS
Isolation of mEFs and splenic B lymphocytes. Conditional targeting of the HIF-1␣ locus was performed via Cre-loxp-based technology as described by Ryan et al. (27) . Briefly, mouse embryonic fibroblast (mEF) cells were established from 13.5-day-old embryos of HIF-1␣ fϩ/fϩ mice [mice with the loxP-flanked (ϩ f /ϩ f ) HIF-1␣ allele], which carry a loxp site on both sides of HIF-1␣ exon 2 in each allele, and were cultured on 15-cm-diameter dishes until 70 to 80% confluent. The cells were infected by adenovirus expressing either Cre recombinase or ␤-galactosidase, respectively. Splenic B lymphocytes from mice containing a Cre expression transgene linked to the B-cell-specific CD19 promoter (25) were isolated from 8-to 15-week-old mice by depletion, using the MidiMACS system with anti-CD43 (Ly-48) microbeads, according to the manufacturer's protocol. Purity of the collected B lymphocytes was greater than 97% as determined by fluorescence-activated cell sorting (FACS) analysis with phosphatidylethanolamine-conjugated anti-B220 antibody and fluorescein isothiocyanate (FITC)-conjugated anti-CD3 antibody. These primary cells were analyzed to determine their HIF-1␣ status by Southern blot analysis and PCR as described previously (27) . In some experiments, to elucidate the molecular implications of p53 in hypoxia-induced alterations of the cell proliferation and the possible interactions between p53 and HIF-1, we generated primary mEFs and splenic B lymphocytes from p53 Ϫ/Ϫ HIF-1␣ fϩ/fϩ mice with or without the endogenous CD19 promoterdriven Cre transgene by intercrossing with p53 ϩ/Ϫ heterozygous mice. Cell culture and in vitro stimulation. The fibroblast cells were maintained in Dulbecco modified Eagle medium containing a high level of glucose supplemented with 10% fetal calf serum (FCS), 25 mM HEPES (pH 7.4), and 1 mM sodium pyruvate. For all experiments, 10 5 cells were plated in 10-cm-diameter dishes 24 h before experiments. The B lymphocytes were cultured in RPMI 1640 supplemented with 10% FCS, 25 mM HEPES (pH 7.4), and 50 M 2-mercaptoethanol at a density of 2 ϫ 10 6 cells per ml. These cells were incubated with goat F(abЈ) 2 fragment (10 g/ml) to mouse anti-immunoglobulin M (IgM) ( chain) (ICN Pharmaceuticals, Inc.) with or without 500 pg of recombinant mouse interleukin-4 (IL-4) (Pharmingen) per ml under either 0.5% (hypoxia) or 20% (normoxia) O 2 at 37°C for the desired times.
Cell cycle analysis. S-phase cells were labeled with 10 M bromodeoxyuridine (BrdU) for the last 30 min of treatment under either hypoxic or normoxic conditions. Cells were collected and then fixed with ice-cold 70% ethanol for at least 24 h before staining. Double staining with propidium iodide and FITCconjugated anti-BrdU antibody (Becton Dickinson) was performed according to the manufacturer's protocol as described elsewhere (12) and then used in FACS analysis. Western blotting. Cells were harvested quickly after either hypoxic or normoxic incubation for the desired time, washed twice with ice-cold phosphatebuffered saline, frozen in liquid N 2 , and then stored at Ϫ80°C for later use in Western blotting and in vitro kinase assays. For HIF-1␣ protein detection, cells were directly lysed in buffer A (10 mM HEPES [pH 7.8], 10 mM KCl, 0.1 mM EDTA, 1 mM dithiothreitol [DTT], 0.1% Nonidet P-40 ) with protease inhibitors (5 g of aprotinin per ml, 5 g of pepstatin per ml, 5 g of leupeptin per ml, 0.5 mM Pefabloc, 1 mM phenylmethylsulfonyl fluoride) and phosphatase inhibitors (10 mM sodium fluoride, 1 mM sodium orthovanadate, and 20 mM ␤-glycerophosphate), and then the nuclear proteins were extracted with buffer C (50 mM HEPES [pH 7.8], 420 mM KCl, 0.1 mM EDTA, 1 mM DTT, 5 mM MgCl 2 , 20% glycerol) containing both protease and phosphatase inhibitors. For other protein analyses, whole-cell lysates were prepared using radioimmunoprecipitation assay buffer (20 mM HEPES [pH 7.8], 350 mM NaCl, 0.5 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 1 mM MgCl 2 , 20% glycerol, 1% NP-40). Protein concentrations were measured by using the Bradford protein assay (Bio-Rad). The proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (7.5 to 15% polyacrylamide), transferred to polyvinylidene difluoride membranes (Amersham), and subjected to Western blot analysis, as described previously (12) . The antibodies against Rb and p21 were obtained from Pharmingen, and p27, cyclin E, and cyclin A antibodies were purchased from Santa Cruz.
In vitro kinase assay. The CDK2-dependent in vitro kinase assay was performed using histone H1 as a substrate as described elsewhere (12) . Briefly, stimulated B lymphocytes were lysed in 1 ml of 0.1% NP-40 lysis buffer containing 50 mM HEPES (pH 7.8), 250 mM NaCl, 1 mM EGTA, 1 mM DTT, and 10% glycerol with protease and phosphatase inhibitors. Three hundred micrograms of the cellular lysate was utilized for the kinase assay. The samples were precleared with protein A agarose (Roche) and were incubated with anti-CDK2 antibody (Pharmingen), anti-cyclin E antibody (Upstate Biotechnology), or anti-cyclin A antibody (Upstate Biotechnology) at 4°C for 1 h with rocking. Protein A agarose was added to the lysate, and the mixtures were incubated overnight at 4°C. After three washes with lysis buffer followed by three washes with kinase reaction buffer (50 mM HEPES [pH 7.4], 1 mM DTT, 10 mM MgCl 2 ), the beads were resuspended in 30 l of the buffer containing 5 g of histone H1 (Roche), 20 M ATP, and 10 Ci of [␥ 32 P]ATP (Amersham Corp.). The reaction was terminated after 30 min of incubation at 30°C by adding 15 l of 3ϫ sample buffer. Samples were run on sodium dodecyl sulfate-15% polyacrylamide gels, fixed in 10% acetic acid, dried, and exposed to films.
Quantitative real-time RT-PCR analysis. Gene expression for p27, p21, and PGK1 was quantified by real-time reverse transcription-PCR (RT-PCR) relative to the endogenous expression level of 18S rRNA, using the following primer sets and probe which is labeled with fluorescent dye (FAM or VIC). For p27, the forward primer was 5Ј-GGAGCAGTGTCCAGGGATGA-3Ј), the reverse primer was 5Ј-TGTTCTGTTGGCCCTTTTGTT-3Ј), and the probe was 5Ј-FAM-AGCGACCTGCTGCAGAAGATTCTTCTTCGCAA-BHQ-3Ј. For p21, the forward primer was 5Ј-CAACTCGGGATGTGGCTACA-3Ј, the reverse primer was 5Ј-CGTGTTCCGGGTCAAAGC-3Ј, and the probe was 5Ј-FAM-TTCTCCT ACTGAGAATAACACCACTCCGCCAGA-BHQ-3Ј. For PGK1, the forward primer was 5Ј-CAAATTTGATGAGAATGCCAAGACT-3Ј, the reverse primer was 5Ј-TTCTTGCTGCTCTCAGTACCACA-3Ј, and the probe was 5Ј-FAM-TATACCTGCTGGCTGGATGGGCTTGGACT-BHQ-3Ј.
RESULTS

HIF-1␣ gene inactivation in B lymphocytes
. Although a number of groups have utilized mEFs as tools to explore primary cell cycling events, mEFs are characterized by rapid senescence, which makes them a poor model for the study of induced cell cycle arrest. To better understand the role of HIF-1 in cell cycle progression during hypoxia, we have deleted the HIF-1␣ gene in B lymphocytes, an excellent model system for ex vivo study of the primary cell cycle (36) .
To this end, we crossed mice with the floxed (ϩ f /ϩ f ) HIF-1␣ allele (HIF-1␣ fϩ/ϩ ) with CD19cre (CD19 cre ) transgenic mice (8, 25) . The matched control mice were established by breeding CD19 cre mice with either C57BL/6 or HIF-1␣ fϩ/ϩ mice. All comparisons in this study were with Cre-expressing cells from littermates lacking conditional alleles to preclude confusion with possible effects of Cre expression on the cell cycle (20) .
Cre expression in CD19 cre mice confers B-lineage-specific gene inactivation from the point of onset of pro-B-cell maturation (8, 25) . FACS analysis to characterize the splenic B-cell population was performed to determine the effect of HIF-1␣ deletion. We did not observe any significant changes in the number of splenic B lymphocytes and their maturation in HIF-1␣ fϩ/fϩ CD19 cre mice compared to both CD19 cre mice and HIF-1␣ fϩ/ϩ CD19 cre mice, indicating that Cre expression itself has little effect on B-cell development (data not shown) and that the loss of HIF-1␣ in this model does not affect B-cell maturation or proliferation (data not shown).
Southern blot analyses showing a partial deletion of the floxed HIF-1␣ gene in spleen, but not in other tissues, demonstrate the specificity of excision induced by this Cre strain (Fig. 1A) . Southern blot analysis and densitometry results showed that the deletion of the floxed gene occurred in ϳ56% of purified splenic B lymphocytes from HIF-1␣ fϩ/fϩ CD19 cre mice ( Fig. 1B and C) . Interestingly, the proportion of B cells with the HIF-1␣ gene to those with the HIF-1␣ gene deleted changed over time in culture in response to mitogen; after 48 h, the average number of HIF-1␣ null cells had increased to 83%
( however, we used mEFs conditionally deleted for HIF-1␣ (27) to determine how hypoxia-induced growth arrest affects the cell cycle in the presence and absence of HIF-1␣. This was done via detection of DNA synthesis and simultaneous staining for DNA content. After 24 h of incubation under normoxic conditions, approximately 24% of wild-type mEFs enter S phase. As seen in Fig.  2A , hypoxia (0.5% oxygen) reduced the percentage of cells undergoing the G 1 /S transition in wild-type cells. Hypoxiatreated HIF-1␣ null mEFs did not demonstrate any significant change in S-phase entry relative to normoxia-treated mEFs ( Fig. 2A) . These data clearly indicate that mEFs respond to decreased oxygen concentration through a clear but moderate change in S-phase entrance and that this occurs in a HIF-1␣-dependent manner.
Previous studies have linked hypoxia-induced cell cycle arrest and p53 status (13) . To better understand the importance of p53 on the HIF-1-regulated G 1 /S transition under hypoxia, we generated both double-knockout primary mEFs (p53
HIF-1␣
Ϫ/Ϫ mEFs) and p53 Ϫ/Ϫ mEFs. The mEF cells nullizygous for p53 still arrest in response to hypoxia, but interestingly, hypoxia-induced G 1 arrest was completely absent in HIF-1␣ Ϫ/Ϫ p53 Ϫ/Ϫ cells ( Fig. 2A) . This demonstrates that in these cells, the loss of HIF-1␣ is the sole determinant of hypoxically induced growth arrest and that p53 is not acting to prevent entry into S phase during hypoxia. Fig. 2B , circa 40% of B cells from wild-type mice entered S phase after 48 h of normoxic incubation in response to mitogen. In contrast, hypoxic treatment suppressed S-phase entry of wild-type B cells, and only 30% are in S phase after 48 h of culture in 0.5% oxygen. In HIF-1␣ null B-cell cultures, lower numbers of cells were seen in S phase during normoxia relative to those of wild-type cells, but strikingly, the number of cells in S phase increased during hypoxia (Fig. 2B) . Thus, in B cells, as in mEFs, there is a complete release from hypoxia-induced G 1 arrest caused by the deletion of HIF-1␣. Again, we evaluated the effects of p53 loss on hypoxia-induced cell cycle alterations, using B cells lacking endogenous p53. In p53 null B cells, hypoxia still causes an increase in growth arrest (Fig. 2B) changes in response to hypoxia. Thus, the increase in S phase seen following the loss of HIF-1␣ under hypoxia is abolished through the deletion of p53. This in turn indicates that p53 is responsible for the regulation of a factor that promotes Sphase entry in the absence of HIF-1␣ and argues for a synergistic relationship between these two factors during hypoxiainduced G 1 arrest. The effects of loss of HIF-1␣ and p53 alone and together on the cell cycle during hypoxia in mEFs and B cells are summarized in Fig. 2C and D. Loss of HIF-1␣ increases proliferation of B lymphocytes under hypoxia. To determine the effect of HIF-1␣ gene deletion on B-cell proliferation in vitro, isolated splenic B lymphocytes from either control mice or HIF-1␣ null mice were stimulated with anti-IgM antibody plus IL-4 under either normoxic (20% O 2 ) or hypoxic (0.5% O 2 ) conditions. As seen in Fig. 3A , HIF-1␣ null B cells showed increased thymidine incorporation compared to wild-type B cells in both environments. As shown in Fig. 3B , cell numbers in all strains began to increase 2 days after isolation under normoxic conditions; B cells lacking HIF-1␣ were able to grow much more rapidly compared to wild-type cells. Under hypoxic conditions, growth of wild-type cells was completely inhibited; however, HIF-1␣ null cells continued to proliferate after a 2-day lag. This indicates that loss of HIF-1␣ is acting to release B cells from a hypoxia-induced growth arrest. These results are consistent with the FACS analysis results described above and in Fig. 2 .
Loss of HIF-1␣ in B cells results in progression into S phase during hypoxia. As shown in
HIF-1␣ is required for hypoxia-induced inhibition of Rb phosphorylation. Mitogenic stimulation of B cells under normoxic conditions results in hyperphosphorylation of the retinoblastoma gene product
Rb by cyclin-associated kinases. This occurs in both wild-type and HIF-1␣ null B cells under normoxic conditions and is associated with S-phase entry (Fig.  4A ). Data from a number of groups have indicated that hypoxia acts to prevent hyperphosphorylation of Rb and shown that this hypophosphorylation is correlated with growth arrest of hypoxic cells.
Under hypoxic conditions in wild-type cells, the hyperphosphorylated form of Rb is not seen (Fig. 4A) and only hypophosphorylated Rb is detected. In HIF-1␣ null cells, however, hyperphosphorylated Rb protein is still the predominant form of Rb detected under hypoxic conditions (Fig. 4A) . This demonstrates that HIF-1␣ is specifically linked to negative regulation of Rb phosphorylation during hypoxia. p27 levels are reduced during hypoxia in HIF-1␣ null cells. The CKIs p21 (5, 28), p27 (10) , and p57
Kip2 (29) are upregulated by hypoxia and may be mediators of hypoxia-induced cell cycle arrest. Consistent with previous reports (36), abundant expression of p27 was detected in samples collected from freshly isolated splenic B lymphocytes irrespective of HIF-1␣ status, as shown in Fig. 4B . Mitogenic stimulation under normoxia reduced the amount of p27 protein in both wild-type and HIF-1␣ null B cells. However, hypoxia prevented the mitogenic reduction in p27 levels in wild-type B cells, whereas HIF-1␣-deficient cells exhibited significant reductions in p27 levels (Fig. 4B) . A similar HIF-1␣-dependent reduction of p27 levels was seen in mEFs (data not shown). p21 protein levels were not affected by HIF-1␣ status (data not shown); both genotypes showed an increase in expression of p21 after 48 h of hypoxia.
Collectively, these data suggest that, under hypoxia, HIF-1 regulates the G 1 /S transition through an inhibition of cyclin E/CDK2 activity, presumably by an increase in p27 expression that ultimately prevents Rb hyperphosphorylation. CDK inhibition during hypoxia is lost in HIF-1␣ null cells. Rb protein is phosphorylated at multiple sites by cyclin-CDK complexes during cell cycle progression, and CDK2 kinase activity is an important aspect of the transition from late G 1 to S phase. CDK2 kinase activity in the wild-type cells under hypoxia is significantly decreased (Fig. 4C) , as has been shown by others (9, 11) . In contrast, hypoxia-treated HIF-1␣ null cells displayed a significant increase in CDK activity. Surprisingly, the kinase activity observed in HIF-1␣-deficient cells treated under hypoxia for 48 h was higher than that of normoxic cells (Fig. 4C) .
Amounts of CDK2 protein were unaffected by either oxygen concentration or HIF-1␣ expression (Fig. 4D) . As CDK2 is known to associate with cyclin A and cyclin E during cell cycle progression, we also examined cyclin A-and cyclin E-associated in vitro kinase activities. The cyclin A-associated kinase activity did not change (Fig. 4C) ; however, under hypoxia, cells lacking HIF-1␣ displayed a significant increase in cyclin E-related kinase activity compared to wild-type cells (Fig. 4C ). In addition, cyclin E, but not cyclin A, expression was increased during hypoxia in HIF-1␣ null cells (Fig. 4D) .
HIF-1␣ is required for hypoxic induction of p27 and p21 transcription. Our present data imply that hypoxic induction of p27 via HIF-1␣ activation is involved in cell cycle arrest. To determine whether this occurs due to transcriptional up-regulation, we examined whether mEFs and isolated B cells could respond to hypoxic conditions with changes in the transcription of genes known to be regulated by HIF-1, i.e., PGK (6, 26) . As shown in Fig. 5 , PGK expression is up-regulated by hypoxia in B cells. This indicates that the standard HIF-1␣ pathways of hypoxia-induced gene regulation are present in these cells.
To determine whether HIF-1␣ regulated transcription of either of the CKIs, we also assayed for their expression at the mRNA level. We found that both p27 and p21 are up-regulated by hypoxia and that this occurs in a HIF-1␣-dependent fashion, albeit less robustly than is the case for PGK. This indicates that HIF-1 is affecting the transcription of two critical CKIs via alterations of hypoxia-induced changes in message levels. Clearly, since only p27, and not p21, shows evidence of this HIF-1␣-dependent up-regulation at the protein level, there are likely other aspects of hypoxia-induced regulation of these CKIs. However, this finding demonstrates that loss of HIF-1␣ alters transcriptional regulation of these messages, which in turn provides a mechanism to explain the loss of hypoxia-induced growth arrest in the absence of HIF-1␣.
DISCUSSION
Cell growth arrest is essential for maintenance of viability, particularly under environmental conditions which prevent normal operation of the cell division machinery. Decreased microenvironmental oxygen levels are potent signals for growth arrest, and this is likely a critical aspect of both normal cellular development and the expansion of tumors. In previous work, a number of links between cell cycle components and hypoxically induced growth arrest have been established (1, 4, 5, 10, 17, 21, 29) . These include demonstrations that CKIs, 364 GODA ET AL. MOL. CELL. BIOL. (4, 5, 26, 32) ; however, the role of HIF-1 in regulating genes involved in cell cycle arrest has been unclear. Work by Gardner et al. (10) argued that p27 was a major determinant of hypoxically induced growth arrest, albeit in a HIF-1␣-independent manner. Other recent work by Green and colleagues (12) showed that although up-regulated by hypoxia, the CKIs p27 and p21 did not affect hypoxic growth arrest in immortalized fibroblasts. Previous work from our laboratory has shown that loss of HIF-1␣ in transformed fibroblasts slows tumor growth (27) and inhibits cell proliferation under hypoxic conditions (31) . In addition, loss of HIF-1 lessens the ability of cells to produce ATP under hypoxia (31) , likely due to its role in controlling the glycolytic pathway; this in turn would argue that cells lacking HIF-1 should be retarded in cell cycle progression from the standpoint of energy metabolism alone. Thus, our finding that HIF-1 promotes cell cycle arrest in two diverse primary cell types is surprising, in particular since it is correlated with a HIF-1␣-dependent induction in p21 and p27 and a decrease in CDK2 activity and Rb hypophosphorylation.
As mentioned above, work by Gardner et al. (10) showed that p27 levels increase during hypoxia in mEFs in what they argue is a HIF-1␣-independent manner. This observation was based on two lines of evidence: that induction of HIF-1 did not cause growth arrest in normoxic conditions and that HIF-1␣ null embryonic stem (ES) cells showed no alterations in G 1 arrest under hypoxic conditions. The first observation, that induced HIF-1 expression does not cause growth arrest, is perhaps best explained in light of our data by the necessity for a cofactor(s) induced by hypoxia to accompany HIF-1 expression in order for growth arrest to occur. Another possible explanation is that induction of HIF-1␣ by overexpression under normoxic conditions or by hypoxia mimetics, such as cobalt, does not fully duplicate the hypoxic environment necessary for full activation of HIF-1␣; this has indeed been found by a number of groups (18, 22) .
The second observation, that cultured ES cells do not show changes in growth arrest in the absence of HIF-1␣ (5), may be due to the observed differences in growth regulation of these cells compared to other cell types; they could also be due to clonal differences in the HIF-1␣ null ES cells themselves. In either case, our data clearly indicate that both nullizygous mEFs created by exogenous expression of Cre recombinase and nullizygous splenic B cells isolated directly from animals are defective in growth arrest in a clearly HIF-1␣-dependent manner.
Our finding that p53 did not contribute directly to hypoxiainduced growth arrest is similar to other recent findings (10, 11) . Interestingly, however, we did find that there was an interaction between p53 and HIF-1␣ in cell cycle regulation. B cells which have lost HIF-1␣ alone demonstrate a large increase in progression to S phase during hypoxia, whereas B cells that are nullizygous for HIF-1␣ and p53 together show no change in cell cycle profiles for cells in hypoxia compared to those in normoxia. Thus, the increased progression into S phase in B cells caused by loss of HIF-1␣ is lost following loss of p53. This is a difficult finding to interpret but may be due to a role for p53 in regulating HIF-1␣ stability, as described by Ravi et al. (24) . In that study, it was found that loss of p53 enhanced HIF-1␣ stability; if this phenomenon is extended to HIF-2␣, it may be that loss of p53 results in an increased stability of HIF-2␣ as well, and thus an increased level of cell cycle arrest. This phenomenon, of p53 control of HIF-1␣ levels, may also explain why we have found increased levels of cell cycle arrest in HIF-1␣ wild-type, p53 null B cells. In that case, in the absence of p53 but the presence of HIF-1␣, the percentage of cells in S phase drops from 30 to 14 compared to cells in which both genes are intact. Interestingly, though, and perhaps in common with Gardner et al. (10), we see no such effect in HIF-1␣ wild-type, p53 null mEFs.
We find that CDK2 kinase activity is completely inhibited in hypoxic cells, as has been described previously (10, 12) . Regulation of this activity is known to be mediated by multiple mechanisms, including binding of cyclins by the kinase, interaction with CKIs, and phosphorylation and dephosphorylation at threonine/tyrosine residues of the protein. Our current data, showing an inverse correlation between p27 expression and CDK2 activity in wild-type cells, confirm the finding of Gardner et al. (10) , on the effects of hypoxia on kinase activity acting through p27. Our finding that p27 elevation during hypoxia is HIF-1␣ dependent extend that observation and indicate that HIF-1 is the primary determinant of hypoxic alteration of cell cycle control.
This finding is in contrast to much other recent work, including our own, indicating that loss of HIF-1␣ results in slower growth of tumors and transformed cell lines (27, 31) . The most likely explanation for this discrepancy is the striking differences between cell cycle control in immortalized and primary cell types. Such differences have been described extensively in regards to other growth inhibitory conditions, including hypoxia (10) (11) (12) . That HIF-1␣ plays such different roles in primary and transformed cells was unexpected, however, and is likely an indicator that the hypoxic response and HIF-1-dependent growth arrest are two of the major hurdles that transformed cells must overcome in the process of tumorigenesis. There is currently no evidence for deletion of HIF-1 in tumors, indicating that modulation, rather than deletion, of the hypoxic response is selected for during tumorigenesis. This is consistent, in fact, with its role as a positive factor in the growth of transformed cells in vivo (27) . In the work presented here, we have shown that in two primary differentiated cell types, HIF-1␣ is the sole determinant of hypoxia-induced growth arrest and is correlated with alterations in p27 expression, p27 and p21 transcription, and Rb phosphorylation. These findings indicate that HIF-1 regulates cell fate during hypoxia to a surprising degree and should allow further determination of how altering HIF-1 levels may affect disease states that are marked by oxygen deprivation and ischemia.
FIG. 5. Hypoxia-induced p21 and p27
Kip1 transcriptional activation is dependent on HIF-1␣. Real-time RT-PCR was performed to determine the relative amounts of the target transcription messages in B cells. The data are the means Ϯ standard deviations (n ϭ 3) of the ratio of message expressed under hypoxia compared to that under normoxia after normaliz against the rRNA as an internal control. Note that PGK expression was induced significantly by hypoxic treatment in wild-type cells, but not in HIF-1␣ null cells. In B cells from wild-type mice, the expression of both p21 and p27 was increased following 48 h of hypoxia, whereas induction in HIF-1␣-deficient B cells was completely abolished. ANOVA tests of significance: null cells differ from the wild type at P Ͻ0.05 for all three genes. 
